Based on the fact that both hardness and vibrational Raman spectrum depend on the intrinsic property of chemical bonds, we propose a new theoretical model for predicting hardness of a covalent crystal. The quantitative relationship between hardness and vibrational Raman frequencies deduced from the typical zincblende covalent crystals is validated to be also applicable for the complex multicomponent crystals. This model enables us to nondestructively and indirectly characterize the hardness of novel superhard materials synthesized under ultra-high pressure condition with the in situ Raman spectrum measurement.
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Design and synthesis of new superhard materials are of great interest due to their numerous applications. [1, 2, 3, 4, 5] Hardness, as an important macroscopic physical property, is understood as the resistance offered by a given material to applied mechanical action. For a crystalline material, hardness is an intrinsic property. Its prediction, from the microscopic electronic structure, is a crucial issue and a powerful challenge in condensed matter physics and materials science. Recently, the microscopic model connecting hardness with the nature of chemical bond has shed light on the quantitative estimations of other macroscopic properties. [6, 7, 8] To predict hardness using the above models, the exact crystal structure must be known. Experimentally, the ultra-highpressure technique such as diamond anvil cell (DAC) is extensively used to explore new superhard materials. [9, 10, 11, 12] Due to the limited size of the sample synthesized in DAC, it is often very difficult to either conclusively determine the exact atomic arrangement or the hardness for some newly synthesized samples. These quantitative models are thereby limited on some practical applications. However, the in situ measurements of Raman and infrared equipped on DAC can provide the diagnostic electronic features of the phase.
Raman spectroscopy is commonly used in chemistry, since vibrational information is specific for the chemical bonds in a crystal. It therefore provides a fingerprint for identifying the crystal.
The Raman scattering process involves the change in susceptibility while the infrared absorption connects with the change in dipole moment. The Raman modes include vibrational, rotational, and librational modes, while the infrared absorption mode involves translational mode only. Furthermore, the vibrational Raman modes can also be classified into the longitudinally optical (LO) and transversely optical (TO) modes, originating from the tensing/compressing and bending of chemical bonds, respectively. [5] Based on the microscopic understanding, hardness is naturally the resistance of chemical bond per unit area to indenter. [6] In the experimental measurement by using the indenter, the hardness value is determined from the ratio of the load to the indentation area. [5] This resistance is related to the tensing/compressing and bending, but not the rotating, librating or translating of chemical bonds because the bond length will keep the same for the translation and rotation (libration) modes, it wouldn't embody the effective bond strength if considering simulation of the indentation, the contacted bonds would be deformed or broken.
In the previous works, the resistant force of bond can be characterized by energy gap, [6] reference energy [7] and bond electronegativity. [8] In our understanding, the vibrational Raman frequency/energy can also be used to describe the resistant force, due to the reasons as mentioned above. In this work, we create a quantitative relationship between hardness and vibrational Raman modes in nonresonant first-order Stokes Raman spectrum. Raman spectra find other important 2 application on the prediction of hardness.
Inasmuch as the vibrational Raman frequency of a chemical bond increases as the force constant of a chemical bond increases, the vibrational Raman frequency embodies is in fact the bond strength of a chemical qualitatively. The vibrational Raman frequency can be determined by the first-order response, because it lies on the frequency ω of the optical phonon at the Brillouin-zone center (Γ point). [13, 14, 15] Raman intensity of the Raman mode with the Raman frequency ω can be calculated under the Placzek approximation. [14] Raman spectra can be calculated by the PWSCF implementation within the density functional perturbation theory (DFPT) formalism. [14] In the previous works, twice of the band gap or band energy, [6] the reference energy, [7] and electron-holding energy [8] were used to define the resistant force of bond. We introduce the Raman frequency of a vibrational Raman active bond, ω m , to embody the resistant force F m of this bond as
where ω 
Here I m is the relative intensity of the mth vibrational Raman mode with the Raman frequency ω m and indicates its contribution fraction or the weighted factor. Therefore, the single equivalent isotropic chemical bond provides the resistant force F should be
It is clear that F → 0 when ω d → 0. Because hardness is understood as the resistance offered by a given material to applied mechanical action, the Vickers hardness can be expressed as
where A is a proportional constant. Despite the fact that we cannot give the ab initio deduction for the exact expressions of A and ω 0 from the theory, we can still obtain their values based on the semi-empirical method. It is well known that the zincblende crystals have the simplest Raman spectra with two Raman modes (one LO and one TO) and the zincblende diamond is the hardest material so far. Therefore, we can use the known Raman spectra and hardness for the typical zinc-blende covalent crystals, to determine the constants of A and ω 0 . From H V against ω d for the first 14 typical zincblende covalent crystals from Table I as shown in Fig. 1 , we obtain
where ω d is in the unit of cm −1 . For all the 22 crystals listed in Table I Next we focus on some typical complex crystals as listed in Finally, we concern the ternary superhard BC 2 N. Recently, we reported a new phase (z-BC 2 N) with the P-42M space group, [36] and the simulated XRD pattern is in good agreement with the experimental data. [11] However, the first-principles calculation reveals that the non-resonant first- (d-BC 5 ), [37] there is one strongest Raman mode located at 1200 cm −1 above ω c in the measured Raman spectrum. By using this single strongest Raman mode, we estimate its Vickers hardness to be 72.4 GPa, which is in excellent agreement with the experimental value of 71 GPa. [17] . c Reference [18] . d Reference [26] . e Reference [27] . f Reference [28] .
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